Bolt-nut connectors play an important role in the safety
Introduction
Bolt-nut connectors are one of the basic types of fasteners used in machines and structures. They play an important role in the safety and reliability of structural systems. The load distribution in a typical bolt-nut connectors is very unequal, with a high stress concentration at the thread roots. This stress concentration can cause fatigue failure in the bolt-nut connectors. As the structural system becomes more and more complex, the reliability of the bolt-nut connectors becomes more and more important. For example, hundreds of different bolt designs with various sizes, strength levels, and materials are used in the assembly of an aircraft. On the average, 2.4 million fasteners are used to assemble a Boeing 747 aircraft. Of this total, 22% are structural bolts ͓1͔. The importance of the reliability of bolt-nut connectors cannot be overemphasized in such applications. Hence, it is of considerable interest to study the stress concentration in bolt-nut connectors.
In the past, several researchers have studied the stress distribution in bolt-nut connectors using computational and experimental methods. Hetenyi ͓2͔, Seika et al. ͓3͔, Patterson and Kenny ͓4, 5͔ , and Kenny and Patterson ͓6͔ have used experimental methods like photoelasticity to study the stress distribution in bolt-nut joints. With advances in computational methods of stress analysis, it has become much easier to study the stress distribution in bolt-nut joints. The photoelastic method is time consuming and expensive, and can have lower resolution than do computational methods such as finite element analysis ͑FEA͒. FEA has been used in the past to study the load and stress distribution in bolt-nut joints and screw threads ͓7-12͔. Patterson and Kenny ͓4,5,13͔ have experimentally studied the effect of some design modifications of boltnut connectors on stress concentration. Keniray ͓12͔ has studied the stress concentration in the threads of bolt-nut joints using the finite element method, and the current paper extends the work of Keniray but with more of an emphasis on design.
In the literature, several authors have indicated qualitative ways to reduce stress concentrations in bolted connections ͑e.g., Marshek ͓14͔ and Juvinall ͓15͔͒; however, these works do not always indicate the amount of improvement achieved by various design changes. The objective of this study is to show a quantitative comparison of various design modifications and to provide design guidelines on the most efficient ways to modify the design of bolt-nut connectors to minimize the stress concentration.
The Finite Element Model
The basic model in this study uses a 1 in. diameter bolt with a corresponding plain hexagonal nut. The width across the flats of the nut is increased over the standard value by 1 / 8 in. to allow sufficient width for design changes to be made to the shape of the nut. In this study, all screw threads are of the 1-8 UNC thread form. This corresponds to a major diameter of 1 in. with eight threads per inch. The thread class used in this study is class 3A and 3B for external and internal threads respectively, since this class of thread is most used in high-precision applications. The root radius for the threads is taken as L / 6, where L is the thread height ͓16͔. This form is followed for all models. Since the root radius for the internal thread is half of that for the external thread, the internal thread root radius is taken as half of the external root radius or L / 12. The material of the bolt and the nut is AISI 8740 steel. This material is a low-alloy, high-carbon steel commonly used in aerospace fasteners and has an elastic modulus of 205 GPa and Poisson's ratio of 0.29. The stress concentrations in other bolt sizes and materials may vary slightly, but the trends suggested by this study should apply to all bolts in this class.
In this study, the contact between the bolt and nut is analyzed using the finite element software ALGOR ® . Four-noded axisymmetric quadrilateral elements are used in all cases and a pressure is applied to the element edge. The load applied is sufficient to produce a nominal stress of 10 psi in the shank of the bolt. A linear elastic model is assumed so the stress results can be scaled for any bolt loading. To verify that roundoff error was not an issue, sample analyses were conducted with stress levels of 100 and 1000 psi, and the results were found to be the same. Figure 1 shows the load and boundary conditions for the finite element model used in this study. Each bolt-nut combination was modeled using axisymmetry, with displacement restraints applied to the geometric edges. The axis of symmetry of the bolt was restrained in the radial direction. A surface pressure of 10 psi was applied to the top surface of the bolt. The upper surface of the nut was restrained in the vertical direction, while the lower surface of the nut was free. There was approximately 2.5 in. between the edge where the load was applied and the first thread. This length ensures that the stress field is fully developed at the discontinuities. The error resulting from modeling the bolt and nut axisymmetrically and neglecting the helix angle has been ignored in this study. The helix angle is very small ͑less than 2 deg͒ on most bolts so the three-dimensional effect will be very small. The twodimensional approximation for the problem was also made in the earlier experimental photoelastic studies reported in the literature ͓17͔. Similarly, the influence on the stresses due to the facets on the nut is assumed to be negligible.
The analysis procedure was verified by modeling sample geom-1 Corresponding author. Contributed by the Reliability, Stress Analysis and Failure Committee of ASME for publication in the JOURNAL OF MECHANICAL DESIGN. Manuscript received Januaryetries and using experimental results reported in the literature ͓17͔. Sample results were also checked with a second finiteelement program ͑ANSYS͒. The cases checked were in good agreement with published experimental results. Also, the answers given by ANSYS for the models checked were essentially identical to those obtained with ALGOR.
The finite element mesh was refined using a very small element length at the crest and root of the threads. The number of threads in the bolt was taken to be seven in this model. This is based on the height of a standard nut which is nominally 7 / 8 in. In the study, the number of threads was not a significant factor because the stress concentrations at the roots of the threads are found to vary little after the first three threads. On an average, the finite element models used in this study contained about 10,000 elements, with local element sizes of about 0.002 in. at the crest and root of the threads. For each model, the stress concentration factor was calculated as the ratio of maximum principal stress in the nut-bolt system to the nominal stress in the shank of the bolt. The maximum principal stress was obtained from the finite element analysis. The highest stress is found to occur at the first thread in the bolt and decreases progressively at subsequent threads. Figure  2 shows a typical finite element mesh at the crest and root of the threads.
Design Modifications
The base model ͑model A͒ represents a plain bolt-nut combination with the width across the flats of the nut extended by 1 / 8 in. above standard. Subsequent models B-G incorporate design modifications made to the base model. Table 1 shows these design modifications along with the resulting stress concentration factors computed. The stress concentration factor was found to be 7.63 for the base model.
Effect of Reduction of Shank Diameter of the Bolt.
It has been estimated ͓17͔ that bolt failures are distributed as follows-͑1͒ 15% under the head, ͑2͒ 20% at the end of the thread, and ͑3͒ 65% in the thread at the nut face. By using a reduced bolt shank, the situation with regard to fatigue failures of the second type can be improved significantly ͓18,19͔. Also, with a reduced shank, a larger fillet radius can be provided under the head thereby improving the design with regard to failures of the first type ͓17͔. In this study, when the shank diameter of the bolt was reduced for the base model, the stress concentration factor was found to decrease significantly, as shown in Table 2 . This is in agreement with the trends reported in literature. In addition to the decrease in the magnitude of the maximum principal stress, the location of the maximum stress changes as the shank diameter of the bolt was reduced. It is found that when the shank diameter of the bolt ͑d͒ is greater than 0.5 times the minor diameter of the threads ͑D͒, the maximum principal stress occurs at the root of the first thread of the bolt that is in contact with the nut. When the shank diameter of the bolt is less than or equal to 0.5 times the diameter of the nut, the maximum stress occurs in the shank of the bolt about 1.5 in. away from the first thread. When the shank diameter is reduced to 25% of the base model's diameter, the stress concentration factor is found to be 1.10, which is a reduc- Transactions of the ASME tion of 86% compared to the base model. For a fixed value of shank diameter, the reduction in fillet radius ͑r f ͒ results in a slight reduction in stress concentration, as shown by the results in Table  3 . The effect of a reduction in fillet radius on the stress concentration factor is not as significant as the effect of reduction in shank diameter. The reduction of the fillet radius was not found to have a significant effect on the location of maximum principal stress.
Effect of Friction.
When the coefficient of friction at the thread interface is increased, the stress concentration factor decreases, as shown by the results in Table 4 . Here, the friction force is assumed to be along the thread in the planes containing the axis of the bolt. The tangential component of the friction force is assumed to be zero. The zero friction case gives the highest stress concentration factor, and hence, it is the worst case from a design standpoint. In all subsequent analyses in this study, the coefficient of friction is taken to be zero to consider the worst case scenario.
Model B.
In this design, a groove is added to the face of the nut which is closer to the head of the bolt. Stress concentration factors for various combinations of a, b, h, and r are shown in Table 5 . The value of h is arbitrarily fixed at 1 / 16 in. It was found that cases where the walls of the groove are parallel to each other ͑i.e., when r = ͓W − ͑b + h͔͒ /2͒ give lower values of stress concentration factor compared to cases where the walls of the groove are not parallel to each other. It was also found that an increase in the depth of the groove results in a lower stress concentration factor. The depth of the groove is limited to half the height of the nut ͑H͒ so as to ensure that there is sufficient material to support a wrench when the nut is tightened. In all cases, the location of the maximum principal stress is at the root of the first thread of the bolt in contact with the nut. Among the cases considered, the optimal case of model B was found to be the one with a = H /2, b = W /4, and r = ͓W − ͑b + h͔͒ / 2. This design results in a stress concentration factor of 5.81, which is a reduction of 24% compared to the base model. This result is in general agreement with the results reported by Wiegand ͓19͔ who showed this lip design to be about 30% stronger than the standard nut design.
Model C.
In this design, a groove is added to the lower end of the bolt, in addition to the groove on the nut. Stress concentration factors for various values of r c and h c are shown in Table 6 . Among the cases considered, the optimal case is the one with r c =1/2D and h c =1/2T, where D is the minor diameter of the threads, and T is the length of the threaded portion of the bolt. This design gives a stress concentration factor of 5.71, which is a reduction of 25% compared to the base model. In all cases of Table 2 Effect of variation of shank diameter of the bolt "d… on the stress concentration factor "K… for the base model. Minor diameter of the threads of the bolt "D… = 0.8797 in. Table 3 Effect of variation of fillet radius "r f … on the stress concentration factor "K… for the base model, when the shank diameter is kept constant Table 4 Effect of coefficient of friction between the threads on stress concentration factor for the base model model C, the location of the maximum stress is at the root of the first thread of the bolt that is in contact with the nut.
Model D.
In model D, a step is added to the nut, and there are no grooves on the bolt or the nut. A trial case of this model gave a stress concentration factor of 5.40 which is a reduction of 29% compared to the base model. The location of maximum principal stress is the same as in the previous case. It was found that a design that incorporated a step on the nut in addition to a groove on the lower end of the bolt ͑which is model E͒ gives a much lower stress concentration factor of 4.61. Hence, model D was not examined in detail.
3.6 Model E. In this design, there is a step on the nut ͑as in model D͒, in addition to which there is a groove on the lower end of the bolt. Tables 7-9 show the stress concentration factors for different values of w e , h e , and r e . The optimal geometry for model E is found to be the one which has w e = 0.2W, r e = W, and h e = H / 2. This design gives a stress concentration factor of 4.61, which is a reduction of 40% compared to the base model. The location of maximum stress is the same as in the previous case.
Model F.
In this design, a taper is incorporated on the nut, in addition to a groove on the lower end of the bolt. A trial case of this design gave a stress concentration factor of 5.32, which is a reduction of 30% compared to the base model. Since the reduction in stress concentration is not as significant as model E, this design was not explored in more detail.
Model G.
Of all the preceding designs, model E is found to give the lowest value of stress concentration factor. It has already been shown in Sec. 3.1 that a reduction in shank diameter results in a significant decrease in stress concentration factor. A new model was therefore investigated, which combines the effect of a reduction of shank diameter with the features of model E. Stress concentration factor values for this model ͑model G͒ are shown in Tables 10 and 11 . Of all the designs considered in this study, model G gives the lowest stress concentration factor, when the shank diameter is greater than 0.5D, where D is the minor diameter of the threads. For example, for a shank diameter d = 0.6D, model G gives a stress concentration factor of 1.85, while the corresponding value for the base model is 2.20 ͑see Table 2͒ . Also, in this case, the maximum stress occurs at the root of the last thread of the bolt in contact with the nut, whereas in the previous designs, the maximum stress always occurred at the root of the first thread of the bolt in contact with the nut ͑counting from the head side of the bolt͒.
When the shank diameter is less than or equal to 0.5D, the stress concentration factor depends solely on the shank diameter and is independent of the geometry at the threaded portion, as shown by the values in Tables 2 and 10 . Also, when the shank diameter is less than or equal to 0.5D, the location of the maximum stress is in the shank of the bolt and not in the threaded portion. Table 5 Stress concentration factor "K… for various geometries of model B. h = 0.0625 in. Table 6 Stress concentration factor "K… for various geometries of model C. D = 0.8797 in., T = 1 in. Table 7 Geometry of model E: variation of w e . r e = W "=0.3125 in. …; h e = H /2"=0.345 in. …. 
Effect of Relative Position of Threads on Stress
Concentration. The relative position of the threads of the bolt and nut with respect to each other is a factor that can significantly affect the stress concentration. To study the effect of this factor, the relative position of the threads was varied with respect to the nominal case of model G ͑in which the first thread of the nut is between the second and third threads of the bolt, counting from the loaded end of the bolt͒. The results of this study are shown in Table 12 . The nominal case results in a stress concentration factor of 3.54. The maximum principal stress occurs at the first thread of the bolt in contact with the nut, counting from the free end of the bolt. When the first thread of the nut lies between the first and second threads of the bolt, the stress concentration factor decreases to 2.74. The maximum stress occurs in the nut in this case, while in the other cases, the maximum stress occurs in the bolt. When the first thread of the nut lies between the third and fourth threads of the bolt, the stress concentration factor is 3.52. The stress distribution is similar to the nominal case. Thus from a design standpoint, the nominal case represents the worst case scenario since it gives the highest stress concentration factor. Hence, throughout this study, the bolt-nut contact is modeled with the first thread of the nut lying between the second and third threads of the bolt.
Discussion and Conclusions
The main goal of this work was to investigate the effect of relative changes in the geometries of the nut and bolt on the stress concentration for the assembly. Any changes in the geometries will increase the cost of the fastener system; therefore, it is important to know the improvement anticipated for different changes. The specific values for the stress concentration factors will change as the size of the nut and bolt changes. However, the relative scale of the thread sizes to the bold diameters will be similar as the bolt diameter changes assuming that standard sizes are maintained. Also, the shape of the threads will be similar as the size of the threads change. Therefore, we believe that the trends indicated will be representative of the changes expected for various nuts and bolts within a given geometry class. With this in mind, the following conclusions can be drawn from the study.
1. It is possible to achieve a significant reduction in the stress concentration factor of a bolt-nut connector by reducing the shank diameter of the bolt. For example, a 40% reduction in shank diameter leads to a reduction in stress concentration factor of 75% for the base model ͑plain 1-in. bolt with corresponding hexagonal nut slightly extended͒. The effect of the radius of the fillet between the shank of the bolt and the threaded portion on the stress concentration is not very significant. 2 When the shank diameter of the bolt is reduced to 50% of the minor diameter of the threads, the location of the maximum stress moves away from the threaded portion to the shank of the bolt. Beyond this, the location of maximum stress becomes independent of the geometry of the threaded portion. 3. It is possible to achieve a significant reduction in the stress concentration by incorporating steps and grooves on the nuts and bolt, even without a reduction in shank diameter. For example, one of the models considered in this study ͑model E͒ which features a step on the nut and a groove on the lower end of the bolt gives a stress concentration factor reduction of 40% compared to a plain bolt and nut. 4. A design that combines a groove on the lower end of the bolt, a step on the nut and a reduction in shank diameter ͑model G in this study͒ gives the maximum reduction in stress concentration, when the shank diameter of the bolt is greater than 50% of the minor diameter of the threads.
The study shows that the most significant results can be achieved by reducing the shank diameter. However, if the system is sized based on the nominal shank diameter, reducing the shank diameter may not be the best option. In this case the size of the threaded section must be increased. This will add significant weight to the system since the threaded end and nut size would increase dramatically.
Essentially all of the stress reduction methods based on a modification of the threaded section and nut remove material. Therefore, even though the stress concentration changes due to changes in the nut and thread end appear to be less dramatic than those resulting from reducing the shank diameter, the nut and thread changes may be more efficient from a material utilization and cost standpoint. Table 11 Effect of variation of fillet radius "r f … on the stress concentration factor "K… for model G, when the shank diameter is kept constant Table 12 Effect of relative position of the threads of the bolt and nut on stress concentration Table 10 Effect of variation of shank diameter of the bolt "d… on the stress concentration factor "K… for model G
